INTRODUCTION
============

Degenerative flat back (DFB) refers to a spinal sagittal imbalance due to decreased lumbar lordosis caused by degenerative changes and various disabilities in daily living associated with stooped posture \[[@B1][@B2]\]. Although DFB is very rare in Western countries, it is a common spinal deformity in Asian countries. The cause of this ethnical difference is explained by different lifestyles, such as sitting on floor or working while squatting. Most patients reveal four cardinal and characteristic clinical symptoms: stooping while walking, inability to lift heavy objects in front, difficulty in climbing slopes, and the need to support oneself with the elbow, resulting in formation of a hard corn on the extensor surface of the elbow \[[@B3]\]. Although the exact pathophysiology of DFB has not yet been confirmed, extensive degeneration and weakness of lumbar extensor muscles are thought to be responsible for that condition in most patients \[[@B2][@B4]\].

Because radiographic examinations reveal characteristic sagittal deviation of spinopelvic alignment, diagnosis of DFB is usually made on the basis of clinical and radiographic findings \[[@B3]\]. Decreased lumbar lordosis causes anterior displacement of the center of gravity, which leads to spinopelvic angular changes and further affects standing posture and gait characteristics \[[@B5][@B6]\]. The studies regarding spinopelvic imbalance in the patients with DFB have focused mainly on static parameters measured by simple radiography \[[@B3][@B7][@B8][@B9]\]. However, radiography has the limitation that it can only reveal the static posture, and cannot evaluate the dynamic status, such as ambulation.

However, daily activities or functional aspects of patients are more related to dynamic status of the spinopelvic segment than static posture measured by radiography. Treatment outcomes or patient satisfaction is also influenced by dynamical parameters rather than static parameters. Thus, it is assumed that assessment of dynamic parameters of DFB can provide clinically useful data about patients\' functional status and treatment outcomes. Three-dimensional (3D) motion analysis has been a useful tool to analyze biomechanical parameters in various conditions including spinal problems \[[@B10][@B11][@B12][@B13]\]. It is hypothesized that 3D motion analysis can provide specific characteristics of spinopelvic and lower limb joint motion in patients with DFB, and also reveal which improvement would occur following surgeries in a quantitative and objective way. Previous studies investigated dynamic parameters in the patients with DFB but they did not assess dynamic parameters of spinal segments and did not perform motion analysis test after corrective surgeries, so they could not evaluate the improvement acquired by surgical treatments \[[@B5][@B14]\].

The purposes of this study were (1) to evaluate the static spinopelvic alignment on a plain radiography and the dynamic spinal status and lower limb kinematics by 3D motion analysis of the patients with DFB compared with normal control; (2) to evaluate the improvement of static and dynamic parameters after corrective fusion surgeries in comparison with those of pretreatment; (3) to assess the correlation between the changes of static and dynamic parameter improvements after corrective surgeries; and (4) to compare the amount of the improvement of static and dynamic parameters between the successful and unsuccessful surgical outcome groups.

MATERIALS AND METHODS
=====================

Patients
--------

This study was approved by the Institutional Review Board of Wooridul Spine Hospital. This retrospective study was based on medical chart reviews of the patients who had undergone corrective fusion surgeries for the treatment of DFB from 2010 to 2012. The surgeries were decided mainly on clinical and radiological basis. They were indicated in the patients who suffered from severe pain and difficulty in ambulation and daily activities with radiological sagittal imbalance. The 68 patients who received a whole spine X-ray and 3D motion analysis before and 6 months after corrective surgeries were chosen. Of those, 10 patients with prominent knee or hip pain and 5 with lower limb weakness were excluded because their conditions might affect gait analysis results. In addition, 6 patients who had undergone previous lumbar surgery before corrective surgery were also excluded because previous surgery might change spinopelvic parameters. Finally, 47 patients were included in this study and were classified as the DFB group.

The DFB group was divided into successful and unsuccessful surgical outcomes groups according to the modified MacNab criteria, the rating scale of treatment outcomes in terms of patient\'s subjective satisfaction \[[@B15]\]. The explanations of each grade was as follows: excellent (no pain, no restriction of mobility, return to normal work and level of activity), good (occasional nonradicular pain, relief of presenting symptoms, able to return to modified work), fair (some improved functional capacity, still handicapped and/or unemployed), and poor (continued objective symptoms of root involvement, additional operative intervention needed at index level irrespective of length of postoperative follow-up).

A successful outcome was defined as excellent or good based on the modified MacNab criteria \[[@B16]\]. Forty-four subjects (38 women and 6 men) without spinal and lower extremity pathology were included as a control group and took a whole spine X-ray and a 3D motion analysis (control group) in the same way with the DFB group.

Radiological evaluation (static parameters)
-------------------------------------------

Spinal sagittal parameters of thoracic kyphosis (TK), thoracolumbar junction (TLJ), and lumbar lordosis (LL) were measured in a whole spine lateral view. TK was measured from the superior end plate of T5 to the inferior end plate of T12. TLJ was measured from the superior end plate of T10 to the inferior end plate of L2. LL was measured from the inferior end plate of T12 to the superior end plate of S1 by the Cobb method ([Fig. 1A](#F1){ref-type="fig"}). Pelvic parameters of pelvic incidence (PI), sacral slope (SS), and pelvic tilt (PT) were measured. SS represented the angle between the superior end plate of S1 and a horizontal line. PT was defined as the angle between a vertical line originating at the center of the bicoxofemoral axis and a line drawn between the same point and the middle of the superior end plate of S1. PI was defined as the angle between the line perpendicular to the sacral plate and the line connecting the midpoint of the sacral plate to the bicoxofemoral axis \[[@B3][@B17]\] ([Fig. 1B](#F1){ref-type="fig"}). All parameters were measured at standing position because sagittal angular deviation of DFB was correctly obtained in weight-bearing position.

3D gait analysis (dynamic parameters)
-------------------------------------

Gait analysis was conducted using a Motion Analysis 3D motion analyzer (Motion Analysis Corp., Santa Rosa, CA, USA). The instrument was calibrated prior to performing the gait analysis on each subject. Markers of diameter 2.5 cm were attached bilaterally to the bony landmarks of the pelvis and lower extremities, including the L5-S1 intervertebral space, anterior superior iliac spine (ASIS), anterior side of the mid-thigh, mid-point of the lateral knee, anterior side of the mid-tibia, lateral malleolus of the fibula, dorsal side between the second and third metatarsal heads, and the calcaneal area on the same line as the metatarsal marker to assess lower limb kinematics during ambulation. Additionally, markers were attached to the bony landmarks of the C7, T6, T12, L2, and L5 spinous processes for assessing kinematics of thoracic and lumbar vertebral segments during ambulation ([Fig. 2](#F2){ref-type="fig"}). The participants went through a dynamic test at a range of self-selected walking speed over a 10-m walkway. The infrared camera determined the location of each marker during ambulation. The real-time data of angular changes was delivered into the SIMM (Software for Interactive Musculoskeletal Modeling) program (Motion Analysis Corp.). The angular motions of spinopelvic and lower limb joints, which were continuously changed during ambulation, were analyzed and represented by the SIMM program. Maximal and minimal angles of pelvic tilt, hip, knee and ankle joints in the sagittal plane were measured during ambulation. In addition, maximal and minimal sagittal angles of thoracic vertebral segments (dynamic TK), and lumbar vertebral segments (dynamic LL) were obtained.

Statistical analyses
--------------------

Statistical analyses were performed using the SPSS 12.0K (SPSS Inc., Chicago, IL, USA). A p-value of less than 0.05 was considered as significant. A chi-square with the Fisher exact test was used to compare the gender ratio between the DFB group and the control group. The static and dynamic parameters of the DFB group were compared with those of the control group using the Student t-test. We also compared the static and dynamic parameters between pre-operation and post-operation with the paired t-test to estimate the degree of improvement of the static and dynamic parameters after corrective surgeries. The correlation between the changes of the static and dynamic parameters after corrective surgeries was determined using the Pearson correlation coefficient. The amount of improvement of the static and dynamic parameters was compared between the successful and unsuccessful surgical outcomes groups using the Student t-test.

RESULTS
=======

General characteristics of the DFB group
----------------------------------------

Forty-seven (4 men and 43 women) patients were included in the DFB group. The level of fusion surgeries were at T10-S1 in 3 patients, at T11-S1 in 5, at L1-S1 in 7, at L2-L5 in 1, at L2-S1 in 22, at L2-S2 in 2, and at L3-S1 in 7. There was no significant difference in gender proportion and age between the DFB and the control groups ([Table 1](#T1){ref-type="table"}).

Comparison of the static and dynamic parameters between the DFB and control groups
----------------------------------------------------------------------------------

The DFB group showed significantly larger LL (larger positive angle means larger kyphotic angle) and smaller TK than the control group. The DFB group had significantly larger PT and smaller SS. The DFB group showed smaller maximal and minimal dynamic TK and larger maximal and minimal dynamic LL than the control group. The DFB group displayed increased maximal and minimal pelvic posterior tilt, hip flexion, knee flexion, and ankle dorsiflexion angles than the control group ([Table 1](#T1){ref-type="table"}).

Improvement of static and dynamic parameters in the DFB group after fusion surgery
----------------------------------------------------------------------------------

In the DFB group showed that mean LL changed from 8.46° to --31.44° after corrective surgery, which was statistically significant. The mean TK was also significantly changed from 4.72° to 18.73° after surgery. The preoperative mean PI and SS were measured as 52.8° and 14.81°, respectively and were significantly increased into 63.62° and 31.43° after surgery. As well, the mean PT was significantly decreased after surgery (from 37.77° to 31.93°).

In terms of the dynamic parameters, maximal and minimal TK were increased, while maximal and minimal LL decreased significantly after corrective surgery. Maximal pelvic posterior tilt, hip flexion, knee flexion, and ankle dorsiflexion angles were decreased significantly after surgery. As well, minimal pelvic posterior tilt, hip flexion, and knee flexion were decreased significantly after surgery ([Table 2](#T2){ref-type="table"}).

Correlation of static and dynamic parameters of the DFB group
-------------------------------------------------------------

The change (Δ) of maximal dynamic TK was significantly correlated with the ΔLL and ΔTK measured on the simple radiography. The Δminimal dynamic TK also showed a significant correlation with the ΔLL, ΔTLJ, and ΔTK. ΔMaximal and minimal dynamic LL was correlated with only ΔTK. ΔMinimal pelvic posterior tilt was correlated with ΔTK ([Table 3](#T3){ref-type="table"}).

Comparison of static and dynamic parameters between successful and unsuccessful surgeries
-----------------------------------------------------------------------------------------

There were no significant differences in the static and dynamic parameters at pre-operation between the successful and unsuccessful surgical groups. Comparing the amount of the improvement acquired by surgeries between the two groups, the successful surgical group obtained significantly greater improvement of the Δmaximal and minimal dynamic LL than the unsuccessful surgical group. Otherwise, no significant difference was found in the static parameters between the successful and unsuccessful surgical groups ([Table 4](#T4){ref-type="table"}).

DISCUSSION
==========

Patients with DFB show sagittal imbalance due to decreased lumbar lordosis and have functional impairments related to daily activities including ambulation. The assessment of the dynamic parameters is more associated with patients\' functional aspects. It is assumed that 3D motion analysis can evaluate spinopelvic and lower limb kinematics in patients with DFB during ambulation and can identify the functional improvement obtained by surgery.

Our study indicated that surgical outcomes were more closely related to be the dynamic parameters, such as dynamic lumbar lordosis. Lumbar lordosis plays an important role in the sagittal alignment and balance so that a successful correction of the lumbar lordosis is critical to the functional improvement or patient satisfaction \[[@B8]\]. Although more significant improvement of the dynamic lumbar lordosis was found in the successful group than in the unsuccessful group, no significant difference was found in the static parameters including lumbar lordosis between the two groups. This result was explained by the fact that the dynamic parameters during ambulation were more related to daily functional activities, and as a result, more influential factor to patient satisfaction. Therefore, the improvement of the dynamic parameters measured by the 3D analysis was more important in predicting the surgical outcomes than angular measurements on plain radiography.

Studies have related surgical outcomes to motion analysis. One reported that the posterior pelvic tilt among the dynamic parameters at pre-operation was important in predicting good surgical results after corrective surgeries in the patients with DFB, while none of the radiographic static parameters of the spine indicated any clue to surgical results \[[@B5]\]. Another study reported that the posterior pelvic tilt angle was significantly related to successful outcomes of corrective osteotomy, whereas preoperative static pelvic tilt angle was not \[[@B14]\]. However, these studies did not perform postoperative motion analysis therefore they could not compare the amount of improvement of the dynamic parameters achieved by surgeries between the successful and unsuccessful groups. As well, they did not evaluate the dynamic parameters of the spinal segments.

Compared with normal controls, the DFB group with decreased lumbar lordosis showed lordotic/flat thoracic angle and posteriorly tilted pelvis resulting in reduced SS, which was considered as a compensation mechanism in order to prevent the excessive sagittal malalignment or anterior translation of the body axis \[[@B3][@B7]\]. These compensatory changes could be reversed by corrective surgery of lumbar kyphosis \[[@B9]\]. Our study showed compatible results to these previous literatures and additionally, we identified those compensatory changes at the adjacent segments and reversible corrections after surgery in terms of not only static parameters but also dynamic parameters ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}).

DFB also leads to the change of the lower limb kinematics in addition to the spinopelvic kinematics. Increased knee flexion and ankle extension (dorsiflexion) associated with DFB have been reported \[[@B7][@B18][@B19]\]. Our study also revealed more increased hip flexion, knee flexion, and ankle dorsiflexion angles in the DFB group than in the control group. Considering their old age, it was doubtful that the increased lower limb angles of DFB group might be the result of hip and knee osteoarthritis. But, the increased lower limb flexion angles at pre-operation were spontaneously reduced along with the improvement of the spinal angles after lumbar corrective surgeries. Therefore, the larger lower limb flexion angle was a secondary phenomenon resulted from lumbar kyphosis rather than from the joints problems of the lower limbs. It was assumed that the excessive anterior translation of the body center related to the stooped posture in the DFB group would be prevented by such compensatory mechanisms of the lower limb as increased hip and knee flexion, ankle dorsiflexion, which contributed to the posterior pelvic tilt \[[@B6][@B18]\].

To our knowledge, there has been no published study evaluating the correlation between the changes of improvement of the static and dynamic parameters achieved by surgeries in the patients with DFB. The significant relationship was mainly found between the dynamic and static parameters of the spinal segments. However, no significant relationship was revealed between dynamic spine versus static pelvic, dynamic pelvic versus static spine, and dynamic pelvic versus static pelvic parameters. The correlation between the static and dynamic parameters was relatively weak, and therefore, static angular changes measured on X-ray after surgeries had some limitation in predicting the degree of the improvement in the dynamic parameters. Considering that the dynamic parameters were more related to the functional status, the static parameters were not appropriate for the prediction of the functional outcomes after surgeries.

A successful result was defined on the basis of the MacNab criterion of patient subjective satisfaction. Although most of angular deviations of DFB were significantly corrected by corrective fusion surgeries in general, considerable proportion of the patients (36.2%) was not satisfied with surgical outcomes. There were two possible explanations. First, we established a relatively strict standard in judging successful and unsuccessful group. Only the excellent and good responders were included as the successful group. Second, our study identified that the dynamic lumbar lordosis was the only parameter that was related to the patients\' subjective satisfaction among various parameters. Thus, those who did not show enough improvement of the dynamic lumbar lordosis were not satisfied with surgical results, in spite of general improvement of other parameters. This suggested that successful acquisition of enough dynamic lumbar lordosis was the most important factor which determined the success of corrective surgeries in terms of the patients\' satisfaction and should be considered as the main goal of corrective surgery.

This study has several limitations. First, we conducted the motion analysis only in terms of ambulation. The tests about other daily activities regarding sit to stand, trunk flexion, or pick up object can provide more useful information related to the patients\' functional aspects. Second, the motion analysis was done only within 6 months after the surgery. A 1- or 2-year follow-up study could assess the change of patients\' functional status in terms of long-term surgical outcomes.

In conclusion, the patients with DFB showed increased TK and decreased SS in the static parameters and increased posterior pelvic tilt, hip flexion, and knee flexion angles in the dynamic parameters, which could be reversed by lumbar corrective surgeries. The correlation between the static and dynamic parameters was mainly found in the spinal parameters. Surgical outcomes in terms of the patients\' satisfaction were more related to the improvement of the dynamic parameters rather than the improvement of the static parameters. Therefore, 3D motion analysis was clinically useful in the evaluation of the patients with DFB in that it allowed for the assessment of the dynamic parameters of the spinopelvic and lower limb segments, which was related to the daily function or treatment outcomes.
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![Spinal and pelvic parameters. (A) Spinal parameters including thoracic kyphosis (TK), thoracolumbar junction (TLJ), and lumbar lordosis (LL). (a) TK was measured from the T5 superior end plate to T12 inferior end plate. (b) TLJ was measured from the T10 superior end plate to L2 inferior end plate. (c) LL was measured from the T12 inferior end plate to S1 superior end plate by the Cobb method. (B) Pelvic parameters including pelvic tilt (PT), pelvic incidence (PI), and sacral slope (SS). (a) PT is defined as the angle between a vertical line originating at the center of the bicoxofemoral axis and a line drawn between the same point and the middle of the superior end plate of S1. (b) PI is defined as the angle between the line perpendicular to the sacral plate and the line connecting the midpoint of the sacral plate to the bicoxofemoral axis. (c) SS is the angle between the S1 superior end plate and a horizontal line.](arm-40-682-g001){#F1}
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###### Comparison of general characteristics, static parameters, and dynamic parameters between the DFB group and the control group (unit, °)
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DFB, degenerative flat back; LL, lumbar lordosis; TLJ, thoracolumbar junctional lordosis; TK, thoracic kyphosis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; Max, maximal value; Min, minimal value; Rt, right; Lt, left.

^\*^p\<0.05.

###### Improvement of static and dynamic parameters of the DFB group between pre-operation and post-operation (unit, °)
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DFB, degenerative flat back; LL, lumbar lordosis; TLJ, thoracolumbar junctional lordosis; TK, thoracic kyphosis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; Max, maximal value; Min, minimal value; Rt, right; Lt, left.

^\*^p\<0.05.

###### Correlation of change of static and dynamic parameters of the DFB group
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DFB, degenerative flat back; LL, lumbar lordosis; TLJ, thoracolumbar junctional lordosis; TK, thoracic kyphosis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; Max, maximal value; Min, minimal value; r, correlation coefficient.
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###### Comparison of static and dynamic parameters between successful and unsuccessful surgical group in patients with DFB (unit, °)
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DFB, degenerative flat back; LL, lumbar lordosis; TLJ, thoracolumbar junctional lordosis; TK, thoracic kyphosis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; Max, maximal value; Min, minimal value; Rt, right; Lt, left.
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